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ABSTRACT
The structural and electrical properties of ionic metal-alkanoate nanocomposites obtained based on a cadmium octanoate matrix
with individual carbon and gold nanoparticles (NPs) as well as their combination are studied. Carbon and gold NPs were
chemically synthesized within the smectic A phase of Cd+2(C7H15COO−)2, which served as a well-ordered nanoreactor. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) data provide information on NPs location and allow
the estimation of the sizes of the synthesized NPs inside the glassy liquid crystalline matrix. It is shown that the size and shape
of the NPs were precisely controlled during synthesis, resulting in highly stable and organized nanocomposites. The electrical
characteristics were studied in a wide temperature range corresponding to different phase states of the nanocomposites. We
compared the electrical properties of both pure matrix and nanocomposites with carbon and gold NPs to identify the potential of
the nanocompositematerials for designing new sensor structures. Notably, the nanocomposites exhibited anisotropic conductivity,
highlighting the structural anisotropy of the material. In addition, using NPs allows fine-tuning of the electrical properties of a
metal-alkanoate host matrix. The obtained nanocomposites open prospects for the development of electro-optical sensors with
high sensitivity and specificity that can be used to detect a variety of chemical and physical parameters including temperature,
composition of substances, and environment.

1 Introduction

Studies of materials with new unique properties that could
provide breakthroughs in various scientific fields represent the
main challenges of science and technology. Nanocomposites have
attracted particular interest due to their unique composition-

determined properties. These materials, which combine nano-
sized particles or structures in a matrix of another material, are
opening up newhorizons inmany fields, ranging from electronics
[1–4] to medicine [5–10]. Their potential for optimizing mechan-
ical, electrical, and optical properties is particularly valuable.
In this context, one of the key directions in the development
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FIGURE 1 Schematic presentation of LC materials with characteristic relations at the nanoscale. (A) Sizes between layers matrix CdC8. (B) Sizes
of C NPs synthesized in a CdC8 matrix. (C) Sizes Au NPs synthesized in a CdC8 matrix. (D) C and Au NPs synthesized in a CdC8 matrix.

of nanocomposite technology is the synthesis of nanoparticles
(NPs) directly in the matrix [11–16]. This approach demonstrates
several advantages, including the ability to closely control the
size, shape, and distribution of NPs [17]. This prevents agglom-
eration and ensures the stability and durability of composites,
making them even more attractive for practical applications.
Particular attention is paid to composite materials consisting of
ionic liquid crystals (LCs) [18–22] and different types of NPs.
These composites have several unique characteristics that can
be used in optoelectronics, photonics, and other fields. In [23],
the structural characteristics were investigated of various types
of NPs synthesized in the mesomorphic metal alkanoates matrix.
The possibility of synthesizing core-shell NPswas also confirmed.
In several studies [24–26], the optical nonlinearities of glass
nanocomposites of mesogenic metal alkanoates with bimetallic
NPs were studied. In addition, the importance and relevance of
studying the LCs’ photovoltaic and photoconductive properties
were emphasized in [27, 28]. The analysis of new composite
materials and their properties could lead to discovery of new
methods and technologies in optoelectronics and other related
fields.

In this work, we analyze the main characteristics of new
nanocomposites, fabricated based on cadmium octanoate with
individual carbon (C) and gold (Au) NPs as well as their
combination.We identify the properties of nanocomposites using
several methods, including transmission electron microscopy

(TEM), scanning electron microscopy (SEM) and impedance
spectroscopy. These studies provide new insights into the role of
C and Au NPs in the electrical performance of these materials. In
addition, we also analyze the effect of both C and Au NPs (i.e.,
ionic LCs are doped with both C and Au nanodopants) on the
electrical properties of ionic LCs. The results open prospects for
the development of new, highly efficient devices based on such
advanced nanocomposite materials.

2 Materials Preparation

New nanocomposites with individual C and Au NPs as well as
their combination are fabricated based on cadmium octanoate:
Cd+2(C7H15COO−)2, abbreviated as CdC8, matrix. It is known,
that metal-alkanoates demonstrate thermo-mesomorph proper-
ties [29], allowing the formation of ionic LCs. When the crystal is
heated to its melting temperature and when the isotropic melt is
cooled to its mesophase brightening temperature, some bivalent
metal-alkanoates, including CdC8 can form glasses with smectic
ordering. Cadmium octanoate melts at 98◦C and forms a smectic
A mesophase within temperatures ranging from 98◦C to 165◦C.
During the cooling process, themesophase of cadmiumoctanoate
does not crystallize. Instead, a glass state is formed with a bilayer
distance of 1.8 nm (Figure 1A) [30] due to the supercooling
state of the material. It should be noted, that CdC8 is used as a
matrix due to its unique properties, including mesophase state
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FIGURE 2 (A) SEM image of matrix CdC8 on top of the ITO glass. (B) SEM image of Au NPs on top of the ITO glass.

in a wide temperature range of 98◦C–165◦C, which provides a
stable environment for nanoparticle synthesis. Unlike matrices
based on Pb or Zn, CdC8 has higher temperature stability and
improved glass-forming properties. The important advantage of
the cadmium octanoate mesophase is also following. Smectic
A mesophase is working as a nanoreactor for the syntheses of
nanocomposite materials with metal and semiconductor NPs.

To prepare a nanocomposite based on an LC CdC8 matrix with
C NPs, an aqueous solution containing 2 wt% C NPs was added
to CdC8 powder. The C NPs were synthesized using an autoclave
hydrothermal method [31], with citric acid and ethylenediamine
as reagents. It should be noted that for the fabrication of C
NPs, high temperatures are currently used. The temperatures
are not compatible for C NPs to be synthesized directly in CdC8
material, therefore the NPs are introduced using their aqueous
solution. This avoids the destruction of the liquid crystal structure
and allows the integration of C nanoparticles into the matrix
without changing its properties. The thoroughly mixed material
wasmelted in an inert argon atmosphere andmaintained at 120◦C
for 15 min. Upon fast cooling of the melt, a glassy nanocomposite
of CdC8 with C NPs was obtained (Figure 1B). During the
preparation process, the mixture gradually changes color from
colorless to yellow, indicating chemical changeswithin thematrix
and the formation of nanostructured C inclusions.

Au nanoparticles can be synthesized directly in the CdC8 matrix
at moderate temperatures, which avoids matrix damage and
ensures uniform nanoparticle distribution.Moreover, the synthe-
sis parameters can be adjusted to control the size andmorphology
of the nanoparticles. The nanocomposite based on an LC CdC8
matrix with Au NPs was prepared as follows. Au NPs were
synthesized in an LC environment using CdC8 as a template at
120◦C in an argon atmosphere. The synthesis process was carried
out by chemical reduction of Au3+ cations from tetrachloroauric
acid (H[AuCl4]⋅3H2O), with the octanoate anion acting as a
reducing agent [32]. The final CdC8 nanocomposite contained
approximately 4 mol% Au NPs. The duration of synthesis varied
from 1 to 2 h. The resulting LC glass nanocomposites were formed
by cooling the CdC8 LC phase to room temperature with Au NPs
inside (Figure 1C). Because of this process, glass-like samples
of purple color were obtained. Synthesis directly in the liquid
crystalmatrix allows obtaining a narrow distribution in size of Au

nanoparticles. It should be noted that Au NPs were synthesized
directly in the CdC8 matrix, which allows more flexibility to
develop nanocomposites with unique properties.

To prepare a nanocomposite of cadmium octanoate with both
C and Au NPs, tetrachloroauric acid (4 mol%) and a solution
of C NPs (2 wt%) were added to CdC8 powder. The resulting
material was thoroughly mixed, heated to 120◦C in an argon
atmosphere and maintained at this temperature for 2 h. During
the synthesis, the reaction mixture gradually changed color from
a transparent yellowish melt to a rich brown. Upon cooling,
the melt solidified into a violet-colored glassy nanocomposite
containing both C and Au NPs (Figure 1D). The integration of
several types of nanoparticles, such as Au and C into a single
matrix opens new ways for the development of new materials
with unique properties.

This nanoreactor technology allows the formation of glassy
nanocomposite materials with uniformly distributed NPs, char-
acterized by a narrow size distribution within the matrix, as will
be shown below.

3 Structure of Synthesized Nanoparticles

To analyze the samples, we used the SEM LEO 1550 (Zeiss,
Oberkochen,Germany) andTEMFEITitanTecnaiG2F20,which
is equipped with a Gatan Tridiem 863P post-column image filter
(GIF) and a high-angle energy dispersive x-ray (EDX) detector.
This setup allows for a variety of studies, such as conventional
imaging and diffraction, the recording of bright- and dark-field
scanning transmission electron microscopy (STEM) images, and
the acquisition of elemental maps extracted from energy electron
loss spectra (EELS) or EDX signals. To study the sizes of C and
Au NPs, we dissolved the nanocomposite CdC8 + C 2 wt% + Au
4 mol% in hexane—C6H14. Then dropped 1 µL of the obtained
substance onto the top of the indium tin oxide (ITO) glass for SEM
analysis and carbon film-supported copper grid for TEM analysis
and left these samples under the hood for hexane evaporation. It
should be noted that the matrix was not completely dissolved in
hexane. Small parts of the matrix were present in the resulting
solution (Figure 2A). An SEM image of Au NPs on the surface
of ITO glass is shown in Figure 2B. More detailed information
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FIGURE 3 (A) TEM image of C NPs without CdC8 matrix on top of the carbon film. (B) Size distribution of C NPs. (C) TEM image demonstrating
the group of C NPs. (D) TEM image of Au NPs in a CdC8 matrix. (E) size distribution of Au NPs. (F) TEM images reflecting the atomic structure of
Au NPs. Inserts in (C) and (F) represent the fast Fourier transform (FFT) of the HRTEM images. The FFT spots correspond to the atomic planes of the
sample lattice.

about nanocomposite samples was obtained using the TEM.
The results of our SEM and TEM studies show that during the
synthesis, the NPs could be observed both in the state when
they were outside the matrix (Figure 3A) and inside the matrix
(Figure 3B).

For analysis of NPs size based on TEM images, we used the
ImageJ software. The image in Figure 3A shows the dimensions
and shape of С NPs without CdC8 matrix on top of the carbon
film. The size distribution of the C NPs can be seen, ranging from

about 5 to 9 nm. The main diameter of NPs is in the range of 6–
7 nm. The synthesis of C NPs allows to obtain high-quality NPs of
a small dispersion in size. TEM images demonstrate that C NPs
are spherical.

Figure 3D shows that Au NPs are uniformly distributed in
the CdC8 matrix without sticking or aggregating. Their average
diameters are 12–20 nm, and they have a round shape. The main
diameters of NPs correspond to the middle of this range, about
15–17 nm. These data show the stability and homogeneity of Au
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FIGURE 4 X-ray scattering pattern of nanocomposite materials
(Red) CdC8 + 2 wt C NPs; (Blue) CdC8 + 2 wt C + 4 mol Au NPs.

NPs in this system. A small size dispersion was observed, which
reflects the good quality of the synthesis of NPs. It should be
noted that NPs have a relatively narrow size distribution, which
is important for many applications, where uniformity and size
stability of NPs are required to achieve certain properties and
material functionality.

To obtain data on the atomic structure of the NPs, we performed
high-resolution TEM studies. For Au NPs (Figure 3F), we found
that they average an interatomic distance of 0.28 nm. At the same
time, for C NPs (Figure 3C) the distance is in the range from
0.35 to 0.37 nm. These results further confirm that the developed
synthesis process enables the fabrication of C and Au NPs with
unique structural characteristics. It should be noted that the size
of NPs is the same for individual C and Au NPs as well as in
the case of their combination according to our TEM data. This
is a significant achievement, which is important for the practical
application of nanomaterials in various fields of research and
development. The characterization of obtainedmaterials using x-
ray diffraction (XRD) method (Figure 4) supports good quality of
nanocomposites with C and Au NPs.

The XRD data reflect well-resolved responses corresponding to
atoms of C and Au due to introduced Au and C NPs in the CdC8
matrix.

4 Dielectric Properties

Since CdC8 nanocomposites have a layered smectic A structure
[33], electrical measurements in different orientations (along and
perpendicular to the cation-anion layers) may allow for a deeper
understanding of charge transport in these unique systems.
In this work, we studied the charge transfer in the direction
perpendicular to the cation-anion layers, as is schematically
shown in (Figure 5). Arrow in Figure 5 shows the direction
of charge transfer. To measure the electrical properties of the
pure CdC8 matrix and this CdC8 matrix with different types of
synthesized C and Au NPs, we used ITO glass slides with sheet
resistances ranging from 70 Ω/◻ to 100 Ω/◻. The preparation

FIGURE 5 Schematic presentation of nanocomposite sample at
applied voltage, reflecting charge transfer perpendicular to the cation-
anion layers in the СdС8 nanocomposite. The arrow shows the direction
of the charge transfer.

process includes the steps described below. First, two glass slides
were thoroughly cleaned using acetone, isopropanol, and Milli-
Q deionized water. After this, an LCs powder was applied to the
surface of the glass. We set the nanocomposite sample thickness
using spacers with a size of 50 µm. The working area of the
electrodes in this structure was 1 cm2. Next, the glass was heated
to a temperature of 130◦C. As a result of heating, the powder was
melted and two glasses were connected, forming a sandwich cell.

To measure the electrical properties of the samples under study,
we used a high-precision Sourcetronic ST2826A LCR Meter with
a wide operating measurement range of frequencies from 20 Hz
to 2 MHz. This allowed us to study the electrical parameters of
the samples at different, widely spaced, frequencies. Impedance
measurementswere carried outwith a peak amplitude of 0.25V in
the temperature range from20◦C to 130◦C, allowing us to evaluate
the influence of thermal factors on the electrical properties of the
samples in different phase states. We used ultra-precise resistors
and capacitances from the Vishay Precision Group to precisely
calibrate the system and ensure high measurement accuracy. At
each of the measured temperatures, we carried out at least three
series of measurements in the frequency range from 20 Hz to
2 MHz. This provided us with more accurate and reliable data for
calibration of the measurement setup. These data were used to
analyze the electrical characteristics of the samples.

To automatize and simplify themeasurement and data processing
process, a special program was developed using Python script.
This program not only allows us to carry out measurements
for capacitance (C) and resistance (R) automatically but also to
recalculate the values following our mathematical model of the
sample, which included R and C connected in parallel. This sig-
nificantly increased the efficiency and accuracy of our research.
The overall measurement error is 1%–2%, which confirms the
high reliability and quality of our results. To plot graphs of the
dielectric constant, we used the following equations for real and
imaginary parts:

𝜀′ = 𝐶𝑑

𝜀0𝑆
(1)

𝜀′′ = 𝑑

2𝜋𝜀0𝑓𝑆𝑅
(2)
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FIGURE 6 Frequency dependencies of (A) the real part ε′ and (B) imaginary part ε″ of the dielectric constant obtained for the CdC8 at obtained
different temperatures in the range from 20◦C to 130◦C for different phase states: glassy, intermediate and smectic.

FIGURE 7 Frequency dependencies of (A) the real part ε′ and (B) imaginary part ε″ of the dielectric constant obtained for the CdC8 + 2 wt% C
obtained at different temperatures in the range from 20◦C to 130◦C for different phase states: glassy, intermediate, and smectic.

where C is the sample capacitance, d is the distance between the
electrodes, 𝜀0 is the dielectric constant of the vacuum, S is the area
of the electrodes, and R is the resistance of the sample.

An analysis of the real and imaginary parts of the dielectric
constants is useful for understanding the electrical properties
of the material, the material’s response to the influence of
electromagnetic fields, and the processes occurring inside the
nanocomposite sample.

The analysis of data shown in Figures 6–9 reveals interesting
effects. At low temperatures (below 90◦C), the dependencies of ε′
and ε″ on frequency show relatively stable behavior demonstrat-
ing the small deviation in real and imaginary parts as a function
of frequency. However, when the temperature is increased above
100◦C, noticeable changes in these parameters as a function of
frequency are registered. The dielectric spectra were analyzed

more precisely for the temperature range≥ 100◦C, corresponding
to the smectic phase.

Experimental data showed that the components of the complex
dielectric constant have large effective values in the smectic phase
and change with increase of the temperature. The distribution
of applied voltage along the structure changes with temperature.
The applied voltage is distributed non-uniformly across the
sample, with a significant voltage drop across thin near-electrode
layers. These thin layers play an important role in the formation
of the redistribution of electric field in the sample and affect the
electrical properties of nanocomposite materials.

Figure 10 shows the Cole–Cole diagrams, where a certain part
(shown by black, red, green, and blue half-circles) can be
resolved, which can be described very well by a mathematical
relationship.

6 of 13 Nano Select, 2025
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FIGURE 8 Frequency dependencies of (A) the real part ε′ and (B) imaginary part ε″ of the dielectric constant obtained for the CdC8 + 4 mol% Au
obtained at different temperatures in the range from 20◦C to 130◦C for different phase states: glassy, intermediate and smectic.

FIGURE 9 Frequency dependencies of (A) the real part ε′ and (B) imaginary part ε″ of the dielectric constant obtained for the CdC8 + 2 wt% С +
4 mol% Au obtained at different temperatures in the range from 20◦C to 130◦C for different phase states: glassy, intermediate, and smectic.

𝜀𝑠 − 𝜀∞
𝜀∗ − 𝜀∞

= 1 + (𝑖𝜔𝜏𝑐𝑐)
1 − 𝛼𝑐𝑐 (3)

𝜀∞ is the value of the dielectric constant at f = ∞, 𝜀𝑠 is the
value of the dielectric constant at f = 0, 𝜀∗ is the complex
dielectric constant of the material at a given temperature, ω is the
frequency of the external electromagnetic field, 𝜏𝑐𝑐 is the Cole–
Cole relaxation time, 𝛼𝑐𝑐 is the Cole–Cole parameter (below in
the text subscript cc will be omitted for simplicity).

This equation refers to the Debye dispersion modified by Cole–
Cole and describes the behavior of the complex dielectric constant
of a material as a function of frequency at high temperatures
exceeding 100◦C.

The study of the Cole–Cole diagrams and dielectric constant
dispersion at different temperatures (100◦C, 110◦C, 120◦C, and

130◦C) allows us to understand how temperature changes influ-
ence the electrical properties of materials, and what charge
transfer processes take place under different conditions. In this
case, the initial part reflecting the high-frequency region of these
diagrams is of interest. In the initial part of the Cole–Cole
diagrams, a relaxation process is observed. The relaxation process
can be caused by several polarization processes. In other words, it
includes both free and bound charges. This process describes how
quickly a material responds to high-frequency stimulation. The
relaxation process in this context allows us to understand how
quickly amaterial can adapt to changes in the electric field. These
characteristics are important for understanding and using these
materials in science and various technological applications.

However, as the frequency decreases, a change in the dielectric
constant of the material is registered. In this case, the dispersion
of the dielectric constant occurs. This low-frequency dispersion
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FIGURE 10 Cole–Cole diagram obtained based on the frequency
dependencies of ε′ and ε″ for samples: CdC8–black; CdC8 + 2 wt% C–red;
CdC8 + 4 mol% Au–green; and CdC8 + 2 wt% C + 4 mol% Au–blue at
temperature 130◦C.

is associated with the near-electrode processes. Charge transfer is
determined by polarization processes near the electrode, that is,
near the LC interface.

From the analysis of Cole–Cole diagrams, important parameters
were obtained, such as relaxation times and the thicknesses of
the near-electrode layer, in which the relaxation process occurs.
In our structure, we have two electrodes; therefore, two near-
electrode layers should be considered [34]. Then, the thickness
of the near-electrode layer can be estimated using Equation (4)
containing a coefficient equal to 2:

𝑙𝑤 = 𝑑

2
⋅
𝜀∞
𝜀𝑠

(4)

𝑙𝑤 is the thickness of the near-electrode region, in which the
electrode polarization occurs, 𝑑 is the distance between the
electrodes, and 𝜀∞ is the value of dielectric constant at f =∞, 𝜀𝑠 is
the value of the dielectric constant at f = 0. This formula allows
us to estimate the thickness of the layer where the relaxation
process occurs based on the extracted values of 𝜀𝑠, 𝜀∞ and the
distance between the electrodes. Let us consider inmore detail the

parameters of relaxation processes, listed in Table 1, and obtained
from the analysis of Cole–Cole diagrams for each of the presented
series of samples:

Using slopes obtained from graphs in Arrhenius coordinates
shown in Figure 11, we can calculate the conduction activation
energy for each of materials using the following relation:

𝜎 = 𝜎0𝑖 exp

(
−
𝐸𝑎𝑖
𝑘𝐵𝑇

)
(5)

where 𝜎0𝑖 is the parameter, depending on ionic phase of LC, 𝐸𝑎𝑖
is the activation energy of ionic conduction, 𝐸𝑎𝑒 and 𝑘𝐵 is the
Boltzmann constant.

The energies are listed in Table 2. The data show that introduced
NPs result in changes of the relaxation time and in turn in change
of the activation energy. In a smectic phase, it increases from
0.44 (CdC8) to 0.56 eV (CdC8 + 2 wt% C) and 0.62 eV (CdC8
+ 4 mol% Au). It should be emphasized that when two types
of NPs (i.e., both C and Au) were added to an LC matrix, a
decrease in the activation energy was detected (from 0.44 to
0.37 eV). This change in sign was also observed in a nonlinear-
optical experiment performed using the same materials [35], and
possible interactions between C and Au NPs were suggested as
an explanation. A decrease in the activation energy instead of
its increase of the activation energy of the relaxation time in our
experiment reflecting transport properties can be explained by the
increase in concentration of charge carriers along cation-anion
layers in the nanocomposite material containing C and Au NPs.

The relaxation time strongly depends on the sample composition
(synthesis of C and Au NPs) and temperature. The introduced
NPs, as well as temperature changes, significantly affect the
relaxation rate. Samples with the addition of C and Au NPs
have longer relaxation times, which may indicate a change
in the structure of the material. The thickness of the near-
electrode layer also varies depending on the sample composition
and temperature. Samples with the addition of Au NPs have a
thicker near-electrode layer, which is associated with a change
in the structural composition of the material. The coefficient
α—statistical distribution of relaxation times, remains almost
unchanged with changes in the composition of the samples, but
it varies slightly with temperature.

TABLE 1 Parameters of relaxation processes of samples: CdC8, CdC8 + 2 wt% C, CdC8 + 4 mol% Au, CdC8 + 4 mol% Au + 2 wt% C depending on
temperature, T.

CdC8 Matrix CdC8 + 2 wt% C CdC8 + 4 mol% Au CdC8 + 4mol% Au+ 2 wt% C

T,◦C τ, msa l, nm 1 − αb τ, msa l, nm 1 − αb τ, msa l, nm 1 − αb τ, msa l, nm 1 − αb

100 1.25 6.4 0.96 1.43 6.6 1 4.50 9.6 0.95 1.90 35 0.94
110 0.31 6.6 1 0.37 7.3 1 1.36 5.0 0.97 0.33 9.6 1
120 0.21 4.6 1 0.23 2.9 1 0.82 4.7 0.97 0.24 6.3 1
130 0.16 3.5 1 0.16 2.5 1 0.53 4.2 0.98 0.19 5.4 1

aAverage value of 95% confidence interval of parameter τmatrix ≈ 3.1×10−4 ms, τc ≈ 4.2×10−4 ms, τau ≈ 1.6×10−3 ms, τc+au ≈ 6.5×10−4 ms.
bAverage value of 95% confidence interval of parameter 1 − αmatrix ≈ 1.3×10−4, 1 − αc ≈ 1.3×10−4, 1 − αau ≈ 1.8×10−5, 1 − αc+au ≈ 1.4×10−4.
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FIGURE 11 Relaxation time versus inverse temperature for: (A) CdC8, (B) CdC8 + 2 wt% C, (C) CdC8 + 4 mol% Au, and (D) CdC8 + 2 wt% C +
4 mol% Au at different temperatures (110oС, 120oС, 130oС). Black lines—experimental data; red lines—the fitting of the experimental data.

The conductivity of the material can also be calculated from the
data obtained using the following equation:

𝜎 = 𝑑

𝑅
⋅
1

𝑆
= 2𝜋𝜀0𝑓𝜀

′′ (6)

The data in Figure 12 show that with an increasing concentra-
tion of NPs, the conductivity of the material decreases at all
temperatures and for all samples. This can be explained by the
following considerations. NPs can introduce additional traps into
the crystal structure of the material, which leads to a decrease in
conductivity. In addition, NPs in an LC phase can capture ions,
effectively immobilizing them and leading to a decrease in the
electrical conductivity [36].

It should be noted that as the temperature increases, the con-
ductivity of all samples also increases because of the decrease in
the viscosity of samples and the corresponding increase in the
charge mobility. In addition, there is a series of phase transitions
leading to changes in the morphology of the studied samples.
All studied samples are in a glass phase at room temperature. As
the temperature keeps increasing, a glassy state turns into an LC
phase at a temperature of about 100◦C. As a result, the electrical
conductivity increases as the temperature increases.

The measured dielectric spectra also allowed to evaluate the elec-
trical properties of the studied samples. According to Figures 6–9,
the glassy phase, intermediate phase, and smectic phase exhibit
different types of frequency dependence on the imaginary part
of the dielectric constant. To account for this fact, the elec-
trical conductivity was evaluated at two frequencies: 10 kHz
(Figure 12A) and 1 MHz (Figure 12B). By plotting graphs in
Arrhenius coordinates, we estimated the activation energy of
the electrical conductivity for the studied samples. Arrhenius
coordinates represent the inverse temperature (1/T) on the
horizontal axis and the logarithm of conductivity (ln[σ]) on
the vertical axis. This representation allows us to analyze the
temperature dependence of conductivity to obtain the activation
energy.

From the graphs in Arrhenius coordinates in Figures 13 and 14,
we can calculate the conduction activation energy, which is the
energy required for charge carriers to cross the energy barrier.

In general, we can assume two dominant types of charge carriers:
electrons and ions, and apply the following equation:

𝜎 = 𝜎0𝑖 exp

(
−
𝐸𝑎𝑖
𝑘𝐵𝑇

)
+ 𝜎0𝑒exp

(
−
𝐸𝑎𝑒
𝑘𝐵𝑇

)
(7)

TABLE 2 The activation energy of the relaxation time for the studied samples in a smectic phase.

Sample CdC8 2 wt% C 4 mol% Au 2 wt% C + 4 mol% Au

𝐸𝑎 (eV) 0.44 0.56 0.62 0.37
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FIGURE 12 Conductivity for the studied samples, obtained at different temperatures and NPs concentrations (CdC8, CdC8 + 4 mol% Au, CdC8 +
2 wt% C, CdC8 + 4 mol% Au + 2 wt% C) from measured data at frequency (A) 10 kHz and (B) 1 MHz.

FIGURE 13 Conductivity versus inverse temperature at 10 kHz for the studied samples (A) CdC8, (B) CdC8 + 2 wt% C, (C) CdC8 + 4 mol% Au and
(D) CdC8 + 2 wt% C+ 4mol Au at different temperatures obtained frommeasured data at 10 kHz and different temperatures. Black lines—experimental
data, red lines—the fitting of the experimental data.

where 𝜎0𝑒 is the parameter, depending on electronic phase of LC,
𝐸𝑎𝑒 is the activation energy of electronic conduction.

The data of Figures 13 and 14 can be used to analyze three
different states of the material: the glass phase, the interme-
diate phase, that is, supercooled liquid crystalline state (where
the LC gradually changes from the glass phase to the smec-
tic phase), and the smectic phase [30]. The activation energy

of conductivity, which characterizes the ability of a mate-
rial to conduct electricity as temperature changes, depends
on the type of NPs (i.e., Au, C, or the combination of Au
and C NPs). According to Figures 13 and 14 and Tables 3
and 4, the activation energy of the conductivity for all stud-
ied samples shows a qualitatively similar trend. At the same
time, the addition of NPs results in noticeable quantitative
changes.

10 of 13 Nano Select, 2025
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FIGURE 14 Conductivity versus inverse temperature at 1 MHz for the studied samples (A) CdC8, (B) CdC8 + 2 wt% C, (C) CdC8 + 4 mol% Au, and
(D) CdC8 + 2 wt% C+ 4 mol Au at different temperatures obtained frommeasured data at 1 MHz and different temperatures. Black lines—experimental
data; red lines—the fitting of the experimental data.

TABLE 3 Activation energy of conductivity in different phases at 10 kHz for several nanocomposite materials.

Sample CdC8 2 wt% C 4 mol% Au 2 wt% C + 4 mol% Au

𝐸𝑎 (eV) in glass 0.5793 0.4808 0.1470 0.4133
𝐸𝑎𝑒 (eV) 1.3954 0.8700 1.2589 0.4204
𝐸𝑎𝑖 (eV) 2.0715 2.1820 3.0061 2.1735
𝐸𝑎 (eV) in smectic 0.4155 0.6407 0.5480 0.4601

TABLE 4 Activation energy of conductivity in different phases at 1 MHz for several nanocomposite materials.

Sample CdC8 2 wt% C 4 mol% Au 2 wt% C + 4 mol% Au

𝐸𝑎 (eV) in glass 0.0082 0.0228 0.0007 0.0221
𝐸𝑎𝑒 (eV) 0.6355 0.5232 0.2213 0.4937
𝐸𝑎𝑖 (eV) 1.7312 1.3316 1.7564 0.5949
𝐸𝑎 (eV) in smectic 0.3211 0.5307 0.3482 0.3452

Estimated activation energy from conductivity versus tempera-
ture in different phases at 10 kHz is listed in Table 3 for the
following nanocompositematerials: CdC8 matrix, CdC8 + 4mol%
Au, CdC8 + 2 wt% C, CdC8 + 4 mol% Au + 2 wt% C.

For all three phases, the activation energy of conductivity was
calculated (Table 4), which allows us to investigate in more detail
the changes in the structure and conductivity of thematerial upon
the introduction of C and Au NPs.

11 of 13
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Glass phase. We analyzed data for the glass phase. The matrix is
characterized by a low conduction activation energy (0.5793 eV
for 10 kHz and 0.0082 eV for 1 MHz), which indicates that
in this phase, charge transport takes place relatively easily. It
can be explained by assuming electronic charge carriers and
considering an LC glassy phase facilitating electronic transport.
When Au NPs are added, the activation energy decreases from
0.5793 to 0.1470 eV for 10 kHz and from 0.0082 to 0.0007 eV
for 1 MHz. This reflects that Au NPs assist in increasing the
conductivity of the material in the glass phase. Au NPs can be
good electronic conductors, and their presence facilitates the
transport of electrons. The inclusion of C reduces the conduction
activation energy to 0.4808 eV for the 10 kHz range and increases
the activation energy of conduction to 0.0228 eV for 1MHz.When
C is introduced into the material, the movement of electrons
behaves differently depending on the frequency; for 10 kHz,
conduction activation energy decreases, which increases the
conductivity, and conversely for 1 MHz, conduction activation
energy increases and conductivity decreases. The combined
introduction of C and Au NPs also depends on the measurement
frequency and is similar to the behavior in the addition
of С NPs

Intermediate phase. The intermediate phase, which occurs in
the temperature range of approximately 60◦C–100◦C between
the smectic A and glassy phases, specifically between the
melting temperature, and the glass transition temperature is
a supercooled smectic liquid. In this state, as the temperature
increases, the material softens and its viscosity decreases. In
this intermediate range, we considered two types of dominant
charge carriers of electronic (70◦C to 80◦C) and ionic (90◦C to
100◦C) origin. The incorporation of C and Au NPs to the matrix
CdC8 reduces the activation energy of electronic conduction for
the intermediate phase from 1.3954 to 0.4204 eV for 10 kHz and
from 0.6355 to 0.2213 eV for 1 MHz. This reflects that C and Au
NPs improve the electronic conductivity of the material, making
it more efficient at conducting electricity. As for the activation
energy of ionic conductivity for the intermediate phase when
adding Au and C NPs, the samples behave differently for 10 kHz
and 1 MHz. At 10 kHz the addition of NPs results in an increase
in the activation energy of the ionic conductivity. This can be
explained by additional energy barriers created by NPs on the
path of ionic charge carriers. As a result, NPs inhibit the process
of ionic transport, which is reflected by larger values of the activa-
tion energy of the ionic conductivity. It should be noted that the
electrical conductivity measured at 10 kHz can be associated with
direct current (DC) conductivity mostly whereas the electrical
conductivity measured at 1 MHz has a dominant contribution
due to alternating current (AC) conductivity, which can explain
the difference in the values of the activation energies listed in
Tables 3 and 4.

Smectic phase. At approximately 100◦C, we registered a phase
transition from the intermediate phase to the smectic A phase.
The smectic A phase is the ordered structure of the material.
In this phase, the material has a high degree of order, and the
charge transfer occurs mostly by ions. A study of the smectic
A phase of the material showed that C and Au NPs can slightly
increase the activation energy from 0.4155 to 0.6407 eV for 10 kHz
and from 0.3211 to 0.5307 eV for 1 MHz. This can be explained by
considering that in the smectic A phase, charges are transferred

mainly by ions, and the presence of NPs can result in disorder in
the smectic structure and act as additional scattering centers for
the transfer of charge carriers.

5 Conclusion

SEM and TEM results demonstrate that C NPs introduced into
the matrix of nanocomposite material have a size distribution in
the range of 5–9 nm, and Au NPs in the nanocomposite material
have average diameters of 15–20 nm. The characteristic sizes of
NPs show a small dispersion. The relaxation time, the thickness
of the layer adjacent to the electrode layer, and the α coefficient
of materials with the inclusion of C and Au NPs depend on the
sample composition and temperature. The synthesis of C and
Au NPs has a significant effect on the relaxation rate, reflecting
a change in the structure of the material. The addition of Au
NPs leads to an increase in the thickness of the near-electrode
layers, which is associated with structural changes impacting
the near-electrode regions of the sample. C and Au NPs reduce
the conductivity of the matrix, and this phenomenon strongly
depends on temperature. Factors inhibiting the electrical conduc-
tivity of the studied samples include the formation of additional
scattering centers on the path of charge carriers and the capturing
of ionic charge carriers by NPs. The experimental results suggest
the presence of two major charge carriers of electronic and ionic
origins. Electrons are themain charge carriers in the glassy phase;
however, ions become dominant charge carriers in the interme-
diate phase and smectic phase. The electrical conductivity of
all samples increases with the temperature rise, thus exhibiting
Arrhenius-like behavior. The results reveal that nanocomposite
materials have three different states: glass phase, intermediate
phase, and smectic phase. In all three phases, more clearly in
the smectic A phase, an addition of NPs results in a decrease
in the conductivity of carriers that move perpendicular to the
cation-anion layers. These results highlight the importance of
composition and temperature control to achieve specific material
performance for a variety of applications. These nanocomposites
exhibit a variety of unique characteristics and have great potential
in a wide range of scientific fields, including nanotechnology and
the design of new materials.
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